Background: Patients undergoing hematopoietic cell transplantation (HCT) for hematological malignancies experience a number of challenges during treatment. There is growing evidence that malglycemia (hyperglycemia, hypoglycemia, and/or increased glycemic variability) contributes to HCT-related complications, even in patients without preexisting diabetes. The purpose of this pilot study was to investigate factors influencing glycemic status and associated infection occurrences in nondiabetic autologous HCT recipients. Methods: Oncology patients without preexisting diabetes treated with autologous HCT at a National Cancer Institute-designated cancer center were followed from admission through discharge or 28 days post-HCT. Patients had morning fasting laboratory tests. Descriptive statistics and Cox proportional hazards models were used to examine associations between BG levels and risk for infection while adjusting for baseline covariates including age, body mass index (BMI), cumulative glucocorticoid dose, and diagnosis. Results: The sample included 28 female and 25 male predominately non-Hispanic White patients (mean age 55.7 years, SD ¼ 11.32). Blood glucose (BG) range was 35-325 mg/dl. Twenty-three patients incurred at least one infection. BMI ≥ 25 kg/m 2 was associated with high BG and infections. In the multivariate Cox model, an increase of 1 interquartile range in BG 2 days before infection was associated with a moderately increased risk of infection (hazard ratio ¼ 1.44, p ¼ .008). Conclusions: Understanding the contributors to and consequences of malglycemic events can lead to better protocols for identifying patients at greater risk for infection. Further investigation is warranted for interventions to mitigate BG events for improved outcomes.
Individuals undergoing treatment for cancer are at risk for adverse events from the malignancy, treatments used to eradicate or mitigate the malignancy and immunosuppression (Butler, Btaiche, & Alaniz, 2005) . In particular, infections can readily occur in these patients, leading to sepsis and possibly death (Aisenberg, Rolston, & Safdar, 2004; Nichols, 2003) . There is growing evidence that malglycemia is another contributor to such adverse outcomes, including infections (Derr, Hsiao, & Saudek, 2008; Hammer et al., 2009) .
Malglycemia is defined as perturbations in random blood glucose (BG) levels, including hyperglycemia (BG ! 126 mg/dl) and hypoglycemia (BG < 70 mg/dl), and/or increased glycemic variability (defined as a standard deviation [SD] of individual BG measures !29 mg/dl; Hammer et al., 2009 ). Among the three components of malglycemia, the risk for hyperglycemia appears to predominate among patients undergoing treatment for cancer. Hyperglycemic events are not unexpected among individuals with preexisting diabetes during cancer treatments (Vischer et al., 2009) , and as many as 18% of patients diagnosed with cancer have preexisting diabetes (Barone et al., 2008) , as compared to 12.3% of the general population !20 years old (Centers for Disease Control and Prevention, 2014) . Most studies investigating contributors to hyperglycemia have been conducted in nononcology patients. Based on evidence from previous studies, we hypothesize that, independent of diabetes, all patients with cancer may be at risk for hyperglycemic states from treatment with glucocorticoids (Mazali, Lalli, Alves-Filho, & Mazzali, 2008; Willi et al., 2002) and chemotherapeutic agents (Turina, Christ-Crain, & Polk, 2006; Willi et al., 2002) . In addition, high body mass index (BMI; Roumen, Blaak, & Corpeleijn, 2009 ), nutritional imbalances (Butler et al., 2005; Jenkins et al., 2002; Martin-Salces, de Paz, Canales, Mesejo, & Hernandez-Navarro, 2008; Sheean & Braunschweig, 2006) , physical inactivity (Katz, 2007; Lanza & Nair, 2009; Lanza et al., 2008) , stress (Butler et al., 2005; Godbout & Glaser, 2006; Turina et al., 2006) , and infections (Turina et al., 2006) can contribute to hyperglycemia. Currently, there is limited understanding about these contributors to hyperglycemia and related infections in patients actively undergoing treatment for cancer. Because associations between patients with diabetes and cancer are established (Giovannucci et al., 2010) and the majority of patients undergoing treatment for cancer do not have diabetes, investigating patients without preexisting diabetes undergoing cancer therapies for glycemic disturbances and sequelae could lead to better treatment protocols for improved outcomes.
In the present study, we investigated the contributors to malglycemia, particularly hyperglycemia, and associations between hyperglycemia and infections among nondiabetic patients with hematological malignancies who received autologous hematopoietic cell transplantation (HCT). Focusing on HCT recipients allowed us to assess a relatively homogenous hospitalized population who were receiving similar treatments and had daily fasting blood laboratory tests that were processed through the same core analyzer. Comparing uniform laboratory results to patient factors (e.g., age, sex, BMI, and race/ethnicity) can help distinguish which patients may be at greater risk for hyperglycemic events during treatment. Additionally, complicating factors in this population such as febrile neutropenia need to be considered. All patients become neutropenic following HCT from the conditioning regimen, which increases the risk for infections independent of other factors. Fever during this phase is another potential infection indicator (Zhang, Zhao, & Huang, 2015) . The purposes of this investigation, therefore, were to describe demographic and clinical characteristics associated with malglycemic events, particularly hyperglycemia, and infection occurrences in nondiabetic patients with hematological malignancies who received autologous HCT, while taking multiple variables (particularly age, BMI, and glucocorticoid dose) into account.
Material and Method Patients and Setting
Adult patients (!18 years of age) diagnosed with a hematological malignancy being treated at a single urban National Cancer Institute-designated cancer center who were scheduled for an autologous HCT on the inpatient bone marrow transplant (BMT) unit were eligible for this study. Inclusion criteria required that patients be able to read, write, and understand English and give written informed consent. We excluded patients with preexisting diabetes. Further, part of the eligibility for receiving HCT includes assessment of a weighted comorbidity index. Scores are categorized by risk for death, with 0 ¼ low risk, 1-2 ¼ intermediate risk, and 3 ¼ high risk (Sorror et al., 2005) . Patients in this study were at low risk.
The observation period was from day of admission to the inpatient BMT unit through discharge or 28 days post-HCT, whichever came first. Patients enrolled in the study who were transferred to the intensive care unit for an adverse event remained in the study. We also took blood samples for a separate analysis of proinflammatory cytokine expression during treatment; however, those findings are not part of this analysis.
Measurements
We obtained patient and clinical characteristics from electronic medical records, including date of birth, sex, race/ethnicity, BMI, type of malignancy, and conditioning regimen (including amount of glucocorticoids). The conditioning regimen was similar for all patients and included carmustine, cytarabine, etoposide, and melphalan. We categorized BMI per the National Institutes of Health (NIH)/National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) guidelines of underweight <18.5 kg/m 2 , normal 18.5-24.9 kg/m 2 , overweight 25.0-29.9 kg/m 2 , obese 30.0-34.9 kg/m 2 , and morbidly obese !35 kg/m 2 (NIDDK, 2013) . We defined febrile neutropenia as a temperature !38 C with an absolute neutrophil count <500/mm 3 .
All laboratory values were from morning fasting blood tests, which are routinely drawn between 0400 and 0630. We selected BG > 110 mg/dl to define hyperglycemia in this patient population based on studies in critical care that have shown increased risk for adverse outcomes in patients at this glycemic level (Joshi, Patel, Wert, Parvathaneni, & Cheriyath, 2014; Scuteri et al., 2014) . We defined hypoglycemia as BG <70 mg/dl and increased glycemic variability as an SD of individual BG measures !29 mg/dl (Hammer et al., 2009) .
We defined infections as detection of a microorganism that was not part of the normal flora or of a microorganism that was part of the normal flora but had increased colonyforming units and/or administration of increased and/or additional antimicrobial agents along with the standard prophylactic regimen. Prophylactic antimicrobial agents included fluconazole 100-200 mg PO q day, acyclovir 400 mg PO q12 hours, cefepime 1-2 gm IV q12 hours, and vancomycin 250 mg PO q6 hours. Infectious microorganisms included vancomycin-resistant enterococci, vancomycin-susceptible enterococci, Klebsiella species, gram-negative bacteria, Escherichia coli, and cytomegalovirus. We counted a positive procalcitonin test without a detected microorganism but with fever as an infection in two patients. Coagulase negative Staphylococcus and other organisms part of the normal flora detected exclusively in the central line catheter indicated infections if the oncologist or another hospital provider initiated or modified antibiotic therapy. We counted the same microorganism detected in two or more cultures taken at different time points as the same infection. Specimens are commonly collected for culture at the first sign of fever or other symptom (e.g., diarrhea). Cultures included in this study were taken from blood, urine, and central line catheters. All cultures taken were evaluated for 3-5 days postcollection, but all microorganisms detected and documented as an infection in this patient population showed a positive culture 1 day following collection. Additional or increased antimicrobial medications were initiated either the same day as specimen collection or the following day when the laboratory results indicated a positive culture. Due to the possibility of increased colonization of normal flora in the stool and sputum, we did not consider documented positive cultures from specimens in these areas to be infections in our analysis.
Study Procedures and Data Analysis
We obtained approval for the study protocol from the cancer center's Protocol Review and Monitoring Committee followed by the medical center's institutional review board. Nurses working directly with patients scheduled for HCT made initial patient contact, which was followed by a member of the study team meeting with each patient. Following the collection of written informed consent there was no further contact between the study team and the patient. We collected all data for this analysis via electronic medical records. Observations were during hospitalization days directly related to the autologous HCT only.
We analyzed data using SPSS Version 22 (IBMCorp, Armonk, NY) and the R (Version 3.1.3) statistical computing environment (R_Core_Team). Descriptive statistics were calculated for demographic and clinical characteristics including BG level and variability using the SD. Independent groups t-tests were used to compare average BMI and BG between infection groups. The Cox proportional hazards model was used to evaluate associations between the time-dependent variable of BG levels and the outcome of risk for infection. Before fitting multivariate models, we explored associations between infection risk and BG level and variability on the same day as the measurement of infection as well as 1-4 days before that day in bivariate Cox proportional hazards models. Timeinvariant variables of age, BMI, amount of glucocorticoids, and diagnosis were included in multivariate models. A patient cluster variable was in all Cox models for robust standard errors, given the increased likelihood of additional infections after the primary infection in the same patient.
Results
Among the 56 patients enrolled, 53 completed autologous HCT and were included in the analyses. Attrition was due to death prior to HCT (n ¼ 1) or not receiving the HCT due to competing health issues (n ¼ 2).
Demographic and Clinical Characteristics Associated With Malglycemia
Patient demographic and clinical characteristics are shown in Table 1 . Mean patient age was 55.75 years (SD ¼ 11.3; range 31-73 years). Over 77% of patients were over the age of 50 years and had more BG values >110 mg/dl compared to patients under the age of 50 (not significant [NS] ). Most patients were non-Hispanic White (69.8%) and receiving treatment for multiple myeloma (56.6%). Almost 53% of the patients were treated in 2011; however, the protocol for autologous HCT remained the same throughout the study period (2011) (2012) (2013) .
All patients received dexamethasone pre-HCT, with the exception of two patients who received prednisone, and seven patients also received post-HCT steroids. The mean and median doses were 64.6 mg and 64.0 mg, respectively. The sample was too homogenous to make a distinction between steroid dose and risk for hyperglycemia.
Mean BMI was 28.83 (range 17.80-52.15), with 70% of patients in the overweight or obese ranges. Higher BMI was associated with more frequent BG measures > 110 mg/dl (r ¼ .334, p ¼ .015). Compared to patients without infections, patients with infections had higher average BMI, M Infection ¼ 31.9 kg/m 2 , range 17.8-52.2; M Noninfection ¼ 26.5 kg/m 2 , range 20.6-37.7; t(30.5) ¼ À2.79, p < .01 (Figure 1) . Table 2 .
The presence of febrile neutropenia was not associated with infection occurrence. Of the 13 BG metrics, we explored to identify the relation between BG and infection risk, the majority (nine) were significant or marginally significant, including BG >110 mg/dl, and BG variability on the same day as and 1-4 days before the day on which infection was detected. The variant with the strongest association with infection risk was BG measured 2 days prior to the day on which infection was detected (hazard ratio [HR] ¼ 1.58, p < .001), and we incorporated this variable into a multivariate Cox proportional hazard model predicting time to infection.
Including the variables of BMI, age, steroid dose, and type of malignancy, the Cox proportional hazards model (Table 3) showed a moderately increased risk for infection with an increase of 1 interquartile range in BG 2 days prior to the infection observation day (HR ¼ 1.44, p ¼ .008). There was also an association between BMI and risk for infection. In the unadjusted model, a 1 interquartile increase in BMI increased the risk of infection by 1.39 (p ¼ .029). In the adjusted model, an increase in BMI of 1 interquartile range increased the risk for infection by 1.44 (p ¼ .053). Patients with higher BMI had more infections compared to patients with lower BMI. Differences were statistically significant (p < .01). 
Discussion

Contributors to Malglycemia
In this study, we explored demographic and clinical characteristics in association with malglycemic events, particularly hyperglycemia, and infection occurrences in nondiabetic patients with hematological malignancies who received autologous HCT. We selected the variables of BMI, age, and glucocorticoid dose based on preliminary clinical findings from our prior work coupled with studies in the literature that evaluated biological mechanisms in nononcology subjects. The sample was closely divided between male and female patients with the majority being non-Hispanic White. Supporting our hypothesis, the most significant patient characteristic associated with hyperglycemia was BMI at a level of !25 kg/m 2 (overweight-obese) compared to a BMI < 25 kg/m 2 . High BMI is an established risk for diabetes (defined by hyperglycemia) due to increased insulin resistance (Giovannucci et al., 2010; Makki, Froguel, & Wolowczuk, 2013) . At levels of obesity (BMI ! 30 kg/m 2 ), adipose tissue remodeling occurs, creating metabolic dysfunction leading to oxidative stress (Le Lay, Simard, Martinez, & Andriantsitohaina, 2014) . A state of metabolic inflammation ensues, impairing glucose metabolism and inducing hyperglycemic states (Makki et al., 2013) . These pathways have not been well studied in patients with cancer and merit further investigation due to the increased risk for adverse events.
In addition to BMI, we hypothesized that older age and higher glucocorticoid doses would be associated with higher levels of BG, more hyperglycemic events, and more glycemic variability. The normal physiology of aging can potentially increase the risk for hyperglycemia, in part due to reduced organ function (Campisi & d'Adda di Fagagna, 2007; Tchkonia, Zhu, van Deursen, Campisi, & Kirkland, 2013) . We found that patients over the age of 50 had more days of BG >110 mg/dl, our benchmark for high BG in this population, compared to younger patients; however, only 22.6% of the patients in our study were under the age of 50, and this difference was not significant in the descriptive analysis. Although other studies evaluating BG and outcomes in HCT populations have adjusted for age Hammer et al., 2009) , to our knowledge, this was the first that investigated age as a contributor.
Glucocorticoids are part of the conditioning regimen in HCT recipients for their immunosuppressive (Perez et al., 2014) and antiemetic (Einhorn, Grunberg, Rapoport, Rittenberg, & Feyer, 2011) properties, but they also increase the risk for hyperglycemia (Oyer, Shah, & Bettenhausen, 2006; Perez et al., 2014) . The sequelae of glucocorticoid administration involve increased insulin resistance, induced gluconeogenesis, and the inhibition of insulin production by pancreatic b cells (Perez et al., 2014) , thus leading to hyperglycemic states. Therefore, we anticipated that patients who received higher doses of steroids would have higher levels of BG. With few exceptions, the amount of steroids administered to patients did not vary greatly, leading to our lack of finding major differences between patients regarding steroid dose and BG levels.
Malglycemia and Infections
Over 40% of patients in this sample incurred one or more infections, mostly occurring within the first 2 weeks post-HCT. Although not well investigated in patients with cancer, the likely mechanism for the association between hyperglycemia and infections is an inflammatory pathway that interferes with immune function. For example, in patients with diabetes, hyperglycemia causes oxidative stress that impairs host innate immune cell mechanisms that normally detect pathogen molecules and activate immune responses to eliminate the pathogens (Buchholz & Stephens, 2008) . As noted above, similar pathways account for the association between obesity and impaired immune function (Le Lay et al., 2014; Makki et al., 2013) ; in fact, we also found an association between high BMI and infection rates. Figure 2 is a simple schematic showing these associations. Our findings suggest that patients scheduled for autologous HCT who have a BMI !25 kg/m 2 have an increased risk for glycemic events and infections and thus warrant close glucose monitoring. Further investigation of these pathways in patients with cancer can provide better evidence to guide future clinical practice.
We also evaluated the association between BG and risk for infection using a Cox regression model. Findings reinforced our conclusion that the risk for infections increased with increasing glycemic levels. We analyzed BG levels as an event prior to detection of an infection, but it is important to note that infections can also increase BG (Turina et al., 2006) . To our knowledge, researchers have not studied increases in BG following infections and the potential for increased risk of further infections based on these later BG values. Future investigations should include this analysis.
Limitations, Strengths, and Implications
Limitations of this study include the small sample size and, with that, a lack of variability in the variables of age and glucocorticoid dose, which inhibited our ability to test our hypothesis that age and steroid dose are associated with the risk for infections. Also, due to the sample size, we could detect only moderate and larger effects.
The strengths of the study included the homogenous sample with uniform laboratory tests, thus eliminating confounding variables of diverse types of malignancies and treatments and varying laboratory measurement that can fluctuate throughout the day. This was also the first study, to our knowledge, that investigated BG in patients undergoing treatment for cancer that excluded patients with preexisting diabetes. This aspect of the study is important because it is well established that patients with diabetes are at risk for hyperglycemic events during cancer therapies, and they are thus usually closely monitored. The understanding that patients without diabetes are also at risk for these events implies that practice protocols may need to change to ensure that all patients have an optimal opportunity for successful outcomes when undergoing treatments for cancer.
In conclusion, patients undergoing HCT for hematological malignancies are at risk for glucose excursions, which can increase the risk for infections. Understanding the contributors to malglycemic and, in particular, hyperglycemic events can lead to better screening protocols for identifying patients at greatest risk for infections and other adverse events. For example, patients with a BMI ! 25 should have close BG monitoring during treatment. Further research is warranted to develop interventions to mitigate BG events for improved patient outcomes.
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